We discuss the optimal shape of a beam deflector with applications in electric susceptibility measurements on wide molecular beams. In contrast to the well-established 'two-wire' concept, which is optimized for beams with a small lateral extension, our design realizes a compact element that provides a high and homogeneous force field at moderate voltage for molecular beams with a large extension in the direction of deflection.
Since the beginning of molecular beam physics, deflection instruments have been of high relevance for determining the electric and magnetic properties of atoms and molecules. In recent years, an increasing number of publications have been devoted to the determination of electric susceptibilities. The knowledge about electromagnetic properties of clusters and molecules allows us to derive structural information or to compare competing computational models [1] [2] [3] [4] [5] [6] [7] [8] . The internal electric properties have also been recognized as a valuable handle for efficient slowing, cooling and trapping of molecules in switched electric fields [9, 10] and in optical dipole force traps [11] [12] [13] [14] [15] [16] . Finally, they also became important for the quantitative understanding of the moleculegrating interactions in various recent de Broglie interference experiments [17] [18] [19] [20] .
The electric susceptibility is most commonly measured by determining the deflection of a collimated molecular beam in an electrostatic field gradient [2, 21, [23] [24] [25] [26] [27] [28] [29] [30] [31] . All such 3 Present address: University of Bristol, Faculty of Physics, Bristol, BS8 1TL, UK. 4 Present address: University of Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria.
Stark deflectometry experiments are based on the same idea, illustrated in figure 1(a): a beam of molecules with mass m and electrical polarizability α, or more generally with susceptibility χ interacting with a static electric field E experiences a lateral shift s due to a transverse force field F = χ(E∇)E:
Here, v z is the longitudinal beam velocity, d is the length of the interaction region and L is the distance between the edge of the electrode and the detector. All precision deflection measurements aim at maximizing both the achievable signal and the sensitivity to tiny beam shifts. In order to further improve the position sensitivity, we have recently combined the Stark deflection concept with a micro-modulation of the molecular beam [22] , as shown in figure 1(b) . This microstructure of period g is imprinted through the action of two free-standing gratings, separated by the distance L. The first mask is designed to be an array of absorbers, such as a nanomechanical grating. The second grating may also be formed by a standing light wave [19] .
The particle beam will then exhibit a density modulation of period g when observed at a distance L further downstream. Tiny shifts of the microstructure are well observable by 0957-0233/08/055801+05$30.00 Figure 1 . (a) Classical deflection experiment using a collimated beam and a two-wire field (e.g. [21] ). (b) Deflectometry with a micro-modulated molecular beam, e.g. in a molecule interferometer [22] .
recording the transmitted flux behind a third mask that is laterally shifted over the beam profile. Such a three-grating device can be operated in a quantum diffraction mode, as a Talbot-Lau interferometer (TLI) [18, 32] , or in a classical moiré mode [33] .
This concept permits us to work with a wide molecular beam and the fine overlaying fringe pattern allows us to reveal extremely small beam shifts, down to only a few nanometers. Any external force is therefore detectable with high sensitivity and the molecular susceptibility can be accurately determined [22, 34] .
In order to achieve a precision of a few per cent in molecule metrology, the electric force field must be homogeneous to better than 1% over the typical beam extension. For our Talbot-Lau studies this amounts for instance to ( x; y) ∼ (2000 µm ; 200 µm) [18] .
A strong force in the x direction is required to achieve a sufficient beam deflection, whereas the force components in the other two directions should be negligible. We summarize this requirement as
A two-wire electrode configuration, as shown in figure 2 , has commonly been used in many earlier experiments with narrow beams [21, 28, 35, 36] . It generates a high deflection force in a laterally tightly confined volume. Although the force is very uniform along y, it grows linearly in the direction of Figure 2 . Simulation of the force field in a classical 'two-wire' configuration [36] . This design exhibits good vertical field homogeneity, but a linear force dependence in the horizontal direction. The white area shows the extension of our molecular beam.
deflection x and would vary by ±70% across the beam inside the TL-interferometer [36] .
If we wanted to maintain the two-wire concept, a one percent force homogeneity could only be achieved if the electrode dimensions were increased by a factor of 100. The voltage would then have to be raised by a factor of 1000. For instance, for deflectometry experiments with thermal fullerene beams [22] this would amount to a voltage of more than 1 MV in order to achieve the required deflection force of 10 14 V 2 m −3 . Because of breakdowns, it would not be possible to experimentally reach such a high voltage.
This strongly motivates a new compact electrode concept. In the following, we therefore describe a design which meets these stringent requirements. We then illustrate the field distribution using a finite element code and conclude by referring to a recent application of our electrode design to experiments with large molecules.
Optimized deflector geometry
Our new deflector is composed of two electrodes with an (x, z) mirror plane, as shown in figure 3 . We first assume that the electrode shape is translation invariant along the molecular beam axis z, i.e. that E z = 0 and ∂E i /∂z = 0:
We further assume that the opposing surfaces are sufficiently flat and parallel that the electric field is dominantly oriented along the y direction. We therefore let E x = 0, but we still keep all partial derivatives of E x : using ∇ × E = 0 we find the differential equations for the vertical field component E y : (12)) between the points A and B.
F y /χ = E y ∂E y ∂y = 0.
From equation (9) we see that E y is independent of the vertical position y, i.e. E y (x, y) = E y (x). This is later verified in the numerical simulations as well.
Since we are searching for the equipotential surface s(x) that generates such a field we locally approximate the electrodes by successive plane-parallel capacitors separated by s(x). This is again well justified by the numerical results below:
The outline of the electrode is then given by the following solution:
F x changes sign at the transition from the left to the right half of the electrode. The force therefore always points toward the field maximum, i.e. to the symmetry center.
Force field simulations
In order to get a quantitative prediction for the example of a specific deflection experiment inside a Talbot-Lau interferometer [22, 34] , we compute the force distribution using the finite element code FEMLAB. For that purpose s(x) is approximated by a set of Bezier curves. We choose a minimum separation of 4.2 mm between the grounded top electrode and the bottom electrode at +10 kV. The width of the electrode is chosen to be 4 cm, while its length is set to 5 cm (see figure 4) .
The numerical analysis in figure 5 shows that we achieve a force of F x /χ = (E∇)E x = 1.53×10 14 V 2 m −3 which is most homogeneous at the coordinates (x; y) = (7; 0) mm. The field uniformity is actually better than 1% over a rectangular region larger than ( x; y) = (3; 2) mm. The full one-percent force deviation region is even significantly more extended, as indicated by the thick (red) line. Both areas well exceed the above-mentioned dimensions of the molecular beam in The force field in the y direction F y /χ is proportional to (E∇)E y = 4 × 10 12 V 2 m −3 . This is about 30 times smaller than the force in the x direction and the condition of equation (3) is rather well fulfilled. We note that in the region of interest |E x ∂E x /∂x| < 2 × 10 10 V 2 m −3 . The small magnitude of this number shows that we can safely neglect its contribution to the total force in the x direction. Instead, F x is dominated by the term E y · ∂E x /∂y. It is constant although both factors vary in a correlated way by about 10% individually.
Experimental implementation
We have implemented this design in a recent matter wave experiment [22] . As shown in figure 4 , we have additionally rounded the edges at the entrance and the exit face with a 2.5 mm radius of curvature, in order to minimize the probability of spark discharges.
To stay within the simple formalism derived further above, we may compute the line integral of the true force field along the beam trajectory and then replace the rounded real electrode numerically by an electrode pair of effective length d eff with straight edges that creates the same field [(E∇)E x ] max = 1.53 × 10 14 V 2 m −3 , the same momentum transfer and the same beam deflection:
We find an effective electrode length of d eff = 4.73 cm. Slight discrepancies in the deflection between the real and the effective electrode were estimated to be of the order of only 0.6%. Edge effects in the y directions are negligibly small. The numerically optimized shape of the electrodes was exported to a CAD program and realized as a stainless steel prototype on a CNC milling machine. The supporting frame of the deflector was made of machinable ceramic. The optimal beam path through the electrode system was defined to better than 100 µm by precisely positioned holes in the ceramic walls.
The field value is then defined by our knowledge of the geometry and the applied voltage. The electrodes in the experiment had a gap distance of 4.3 ± 0.1 mm and generated a field of (E∇)E x = (1.45 ± 0.08) × 10 14 V 2 m −3 at a potential of 10 kV. Taking into account edge effects, the total systematic uncertainty of the force field across the molecular beam diameter can be estimated to be better than 4%.
Inserting this electrode into our Talbot-Lau matter wave interferometer, we were able to derive the static polarizability of the fullerenes C 60 and C 70 [36] as well as tetraphenylporphyrin and a derivative thereof [34] , with beams up to 2 mm wide. The micro-modulation had a period of 990 nm and allowed detection of beam shifts down to 10 nm. The total error of the present measurements is between 5% and 10%, depending on the details of the experiment.
Conclusion
The deflector itself is very adaptable for a wide range of beam deflection studies, with the clear potential to increase the experimental accuracy to below 1% for beams with improved velocity selection, position control and also using atoms with known polarizabilities for an improved field calibration. Such an accuracy is expected to be a natural best possible value in practice for molecules with a rapidly changing conformation and varying scalar polarizability on this level. Future experiments will aim at determining for instance the temperature dependence of the molecular electric susceptibility. A recent feasibility study [37] has also shown the possibility to physically separate sequence isomers of polypeptides and possibly even metallic from semiconducting carbon nanotubes inside a three-grating-based deflectometer using our new electrode design.
Generally, such electrodes can be used in all applications where a homogeneous (E∇)E force field is needed.
